We investigated the subcellular distribution of secretogranins I, II (Sg I, Sg 11), and prolactin (PRL) by double immunogold electron microscopy in GH3& rat pituitary tumor cells grown in different culture conditions and in normal PRL cells in adult male rat anterior pituitary. CO-localization of Sg I or Sg 11 with PIU was observed in most secretory granules in GH3& cells and normal PRL cells, except for some secretory granules contahhg only Sgs in GH3B6 cells and containing only PRL in normal PRL cells. In GH3& cells treated with thyrotropin-releasing hormone (TRH) for 2 hr, the newly formed small secretory granules within the Golgi zone contained preferentially immunoreactive PIU. Interestingly, when 00-localized with PRL, Sgs (particularly Sg I) were observed at the periphery of the matrix of secretory granules in GH3B6 cells as well as in normal PRL cells, suggesting their possible interaction with the secretory granule membrane. The present study indicates a heterogeneous subcellular distribution of PRL, Sg I, and Sg 11 in individual secretory granules of GH3& cells and of normal PRL cells, pointing out the formation of different types of aggregates during the condensation of secretory products in these two PRL cell models. (J Hisrochem Cytochem 42:1097-1107, 
Introduction
The chromogranin/secretogranin (CglSg) proteins [chromogranin A (Cg A), chromogranin B (Cg B) (also called secretogranin I; Sg I), and secretogranin I1 (Sg II)], three acidic sulfated secretory proteins, specifically occur in a wide variety of endocrine and neuronal cells, where they are stored together with various peptide hormones and neuropeptides in secretory granules (1) (2) (3) (4) (5) (6) (7) . Although several groups have suggested that the granins might play a role in the sorting and condensation of secretory products into granules (1, 2, 8, 9) , act as reversible processing enzyme inhibitors (lo), and/or function as Ca2+-binding proteins (1 I), their physiological function has not yet been clearly elucidated.
In the mammalian anterior pituitary, the cellular distribution of the Cgs/Sgs has been immunocytochemically investigated by several groups (1-3J2-15) . However, little is known about the subcel-Mar localization of the CgslSgs in anterior pituitary cells. By ultrastructural immunogold techniques, it has been previously shown that in cow anterior pituitary the somatomammouophs displayed distinct secretory granule populations. The larger granules contained prolactin (PRL) or growth hormone (GH), whereas the smaller granules contained the three CgslSgs (13, 14) and thyrotropin and luteinizing hormone (14) . In rat pituitary, Watanabe et al. (15) have recently found that Cg A was exclusive to gonadotrophs, whereas Sgs I and I1 were present in all pituitary cell types. Moreover, these authors described two types of secretory granules in gonadotrophs, which varied in their immunoreactivity for gonadotropins and Cgs/Sgs (15) . No precise distribution of Sgs in the normal rat PRL cells was available.
Recent studies on GH3B6 cells, a subclone of GH3 rat tumor PRL cells used as an in vitro functional model to study PRL secretion (16) and which express Sgs (17, 18) , have suggested a heterogeneous content of PRL and Sgs in secretory granules of cells grown in different culture conditions (17) . It has been shown, moreover, that treatment of G h C 1 cells, another subclone of GH3 cells, with a combination of 17P-estradiol (Ez), epidermal growth factor (EGF), and insulin, which is known to increase the number of secretory granules in these cells (19) , increased the Sgs cell content concomitantly with an increase in PRL expression (20~1). However, some GH4Ci cells were capable of storing PRL in the absence of detectable levels of Sgs (20,21), suggesting that the granins may not play an obligatory role in the packaging of PRL.
The aim of the present study was therefore to investigate in depth the subcellular distribution and co-localization pattern of Sg I, Sg 11, and PRL in GH3B6 cells cultured in different medium conditions and in normal PRL cells in adult male rat anterior pituitary using a post-embedding approach and double immunogold labeling at the ultrastructural level.
The results here reported confirm the heterogeneous content of PRL and Sgs in individual secretory granules of GH3B6 cells and demonstrate such heterogeneity in normal rat PFU cells, clearly indicating the formation of different types of aggregates during the condensation of secretory products in these cells. A differential pattern of distribution of PRL and Sgs within the matrix of secretory granules in GH3B6 cells and in normal rat PRL cells was also revealed.
Materials and Methods
Cell Culture. GH3B6 cells, a subclone of GH3 tumor-derived rat pituitary cell line, were used for the experiments (16) . The cells were routinely grown in Ham's F12 medium supplemented with 15% horse serum and 2.5% fetal calf serum. For experiments, 1 x 10' cells were plated per 35mm culture dish (Falcon; Becton Dickinson, Pont de Claix, France) in 2 ml culture medium and were grown at 37'C in 5% CO2 in air for 6 days.
To increase the number of secretory granules, cells were cultured for 6 days in the above medium supplemented with 1 nM E2 (Sigma; St Louis, MO), 10 nM EGF (Becton Dickinson Labware; Bedford, MA), and 180 nM insulin (Sigma) (19) . Medium was changed every 48 hr and 24 hr before the experiments.
Cell Treatment. For kinetic studies, GH3B6 cells were treated with thyroliberin (TRH) (Calbiochem, San Diego, C A France Biochem, Meudon, France) as previously described (22, 23) . They were first rapidly rinsed with warmed F12 and pre-incubated for 30 min in F12 + 0.1% bovine serum albumin (BSA) at 37'C. Then they were incubated for 2, 5, 15, 30 min. or 2 hr in F12 + 0.1% BSA alone (control cells) or containing 30 nM TRH at 37'C. At the end of incubations, media were rapidly collected for PRL measurement by enzyme immunoassay (EIA), and cells were fixed directly in the Petri dishes for conventional electron microscopic observation and immunoelectron microscopy.
PRL Measurement by EM. PRL was measured in culture medium by EIA, using rat PRL RP-3 from the NIDDK covalently coupled to acetylcholinesterase (AchE) from Electrophorus electricas, as described by Duhau et al. (24) . Statistical comparisons were done by analysis of variance using the Fisher test.
Normal PIU Cells. Anterior pituitaries of normal adult male Wistar rats (Iffa Credo; St Germain sur IArbresle, France) were fixed for the postembedding immunoelectron microscopy (see below).
Antisera. Rabbit antiserum raised against rat PC12 cell Sg I, highly specific for Sg I(2) and rabbit antiserum raised against rat PC 12 cell Sg I1 (2), highly specific for Sg 11, were kindly provided by Dr. W. B. Huttner (Heidelberg, Germany). They were used at a dilution of 1:lOO. Rabbit antiserum raised against purified rat PRL RP-3 (a gift from NIDDK), prepared by D. Grouselle (Paris, France), was used at a dilution of 1:500. Its specificity has been described in detail elsewhere (25) .
Post-embedding Immunogold Electron Microscopy. GH& cells and small pieces of rat anterior pituitary glands were fixed with a mixture of 4% paraformaldehyde-0.05 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 hr at 4°C. After rinsing with the same buffer for 1 hr and with 50 mM maleate buffer for 1 hr at 4'C. GH3B6 cells were harvested with a cell scraper and centrifuged at 6500 rpm for 10 min. To improve the cell preservation in non-osmicated materials, an enhanced method for post-embedding immunocytochemical staining that preserves cell membrane was performed (26) . The cell pellets and the small specimens of anterior pituitaries were treated with 2% uranyl acetate in 50 mM maleate buffer for 2 hr at 4'C. They were then partially dehydrated in 50% (three times for 10 min) and 70% ethanol (three times for 10 min), according to Yoshimura et al. (27) and to Newman (28), and then infiltrated in pure LR White at room temperature (RT) (three times for 20 min),'and finally embedded in LR White in gelatin capsules at 50% for 3 days without any addition of hardener or accelerator. Since oxygen inhibits the polymerization of LR White, the gelatin capsules were sealed airtight.
For single and double immunostaining, ultra-thin sections were cut and mounted on nickel grids. They were treated for 15 min with 0.05 M Trisbuffered saline (TBS) containing 50 mM ammonium chloride to quench free aldehydes. The sections were then incubated with 1% BSA in TBS for 1 hr at RT and then incubated at RT with the first specific antibody for 2 hr and stained with 10 nm protein A-gold particles (Bio Cell; Cardiff, UK) for 1.5 hr at RT. both diluted with 1% BSA in TBS. The grids were subsequently rinsed with TBS and incubated for 1 hr with unconjugated protein A (0.1 mg/ml in TBS) (Sigma) to block any protein A-binding sites remaining in the section (29). After rinsing with 1% BSA in TBS, they were then incubated with the specific second antibody for 2 hr at RT and stained with 5-nm protein A-gold particles (Bio Cell) for 1.5 hr at RT. After rinsing with TBS and distilled water (DW), the sections were stained with 1% os04 for 15 min, rinsed with DW, and stained with lead citrate. After rinsing with DW, the grids were finally dried and examined under the electron microscope (Elmiskop 11, Siemens).
In the same experiments, to confirm the distribution pattern of PRL and Sgs, immunocytochemical staining with different combinations of antibodies (Ab) and protein A-gold partides (PAG) was performed as follows:
1st Ab:anti-Sg I, PAG 10 nm/2nd Ab:anti-PRL, PAG 5 nm 1st Ab:anti-PRL, PAG 5 nml2nd Ab:anti-Sg I, PAG 10 nm 1st Ab:anti-PRL, PAG 10 nm/2nd Ab:anti-Sg I, PAG 5 nm 1st Ab:anti-Sg I, PAG 5 nm/2nd Ab:anti-PRL, PAG 10 nm
The combination with anti-Sg I1 and anti-PRL or anti-Sg I and anti-Sg I1 was also performed in the same manner.
Immunocytochemical controls were performed as follows:
The procedure without the 1st specific antibodies The procedure without the 2nd specific antibodies The procedure without both the 1st and the 2nd specific antibodies Replacing the 1st andlor the 2nd specific antibodies by normal rabbit serum at a dilution of 1:100 or 1:500. 
in GH~BG Cells
At the electron microscopic level, using this post-embedding approach, immunoreactive PRL, Sg I, or Sg I1 was detected in the Under these culture conditions, the immunostaining of PRL, Sg I, or Sg I1 was also increased (Figures IB, ID, and IF). In particular, the immunostaining of PRL in the matrix of the secretory granules was strongly increased. The immunostaining of Sg I indicated two types of distribution patterns of immunogold particles ( Figure 1D ). One, the most common, corresponded to the periphery of the majority of secretory granules, and the other, less common, was localized within the matrix of some secretory granules ( Table 1 ). The immunostaining of Sg I1 was somewhat weak compared with that of PRL and Sg I. Sg (matrix) distribution of immunoreactive Sg I and II was counted from 20 cells.
I1 was localized mainly within the matrix of secretory granules. However, Sg I1 could also be detected at the periphery of some secretory granules ( Table 1 ). When double immunostaining of Sg I and PRL was performed, Sg I and PRL were co-localized in all cells that contained secretory granules. This co-localization was observed in the majority of secretory granules, particularly in GH3B6 cells cultured with E2, EGF, and insulin. In these secretory granules, Sg I was preferentially distributed at the periphery of the granules, whereas PRL was localized within all the matrix of the granules (Figure 2 ). suggesting an interaction of Sg I with the luminal face of the membrane of the granules. This distribution pattern of Sg I and PRL was observed whatever the combination in the order of incubation with the antibodies and the size of gold particles used (Figure 2 ). However, in some granules that display a more intense immunostaining of Sg I than of PRL., Sg I was distributed over all the matrix ( Figure 2B ). All control studies confirmed the specificity of the double immunostaining and demonstrated the total blockade of protein A-binding sites after the first immunostaining sequence ( Figure ZA, inset) . When double immunostaining of Sg I1 and PRL was performed, Sg I1 and PRL were co-localized in all cells that contained secretory granules. This co-localization was observed in almost all secretory granules (Figure 3) . Immunostaining of Sg I1
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was sometimes observed at the periphery of the secretory granules, whereas that of PRL was observed within the matrix of the granules. This preferential distribution was, however, less conspicuous than that for the double immunostaining of Sg I and PRL. The double immunostaining of Sg I and Sg I1 revealed the co-localization of the two granins in many secretory granules and confirmed the preferential distribution of Sg I at the periphery of secretory granules (Figure 4) .
Efect of lliH Treatment on the Distribution Pattern of PRL and Granins in GH~BG Cells
Morphological analysis was performed on GH3B6 cells cultured with E2. EGF, and insulin and then exposed to TRH. When PRL released into the medium was measured by EIA, the stimulating effect of TRH on that release was already significant after 2 min of treatment and increased thereafter (Figure 5 ) . Within the first 5 min of TRH treatment, many pre-existing secretory granules migrated towards the plasma membrane ( Figures  6A and 6B ). Some invaginations of the plasma membrane were also observed and might correspond to exocytotic figures. After 30 min of TRH treatment the number of secretory granules was strongly decreased within most of the cells ( Figure 6C ). After 2 hr of TRH treatment, newly formed small secretory granules appeared in the Golgi zone ( Figure 6D ). When double immunostaining of Sg I and PRL was performed in GH3B6 cells exposed to TRH for 5 min ( Figure 7A ), Sg I was distributed as in control cells (cells not treated with TRH) at the periphery of secretory granules and PIU within all the matrix of the granules. In the Golgi zone of cells treated with TRH for 2 hr, the newly formed small secretory granules contained mainly immunoreactive PRL ( Figure 7B ). Similar results were obtained when double immunostaining of Sg I1 and PRL was performed ( Figures 7C and 7D ). After 2 hr of TRH treatment, a preferential immunostaining of PRL within newly formed secretory granules in the Golgi zone was also observed ( Figure 7D ).
Double Immunostaining of PRL and Sg I or Sg II in Normal Rat Anterior Pituitary PRL Cells
In normal PRL cells of male rat anterior pituitaries, double immunogold labeling revealed that PRL and Sg I, or PRL and Sg I1
were co-localized in all PRL cells and in the majority of secretory granules (Figure 8 ). However, some secretory granules contained only immunoreactive PRL (Figure 8 ). PRL was distributed within the matrix of almost all secretory granules. In the Golgi apparatus, especially in the trans side, immunostaining of PRL was also observed along the luminal face of the saccules and on the somewhat OZAWA, PICART, BARRET, TOUGARD dense condensing materials that precede the formation of secretory granules. Although immunostaining of Sg I or Sg I1 was also observed, it was weaker than that of PRL. The immunostaining of Sg I was observed preferentially at the periphery of secretory granules in normal PRL cells as in GH3B6 cells (Figure 8A) . For Sg 11, as for PRL, hmunostaining was observed not only at the periphery of the granules but also within the matrix of the granules (Figure 8B) . The same results were observed in the secretory granules of all PRL cell subtypes (Figure 8, insets) . Indeed, PRL cells of the male rat are classified into three cell subtypes according to the size and the shape of their secretory granules (32,33).
Discussion
The present study at the subcellular level demonstrated by double immunogold labeling two types of heterogeneity in the respective distributions of PRL, Sg I, and Sg I1 in individual secretory granules of GH& cells and normal rat PRL cells. First, it yielded obvious information confirming the heterogeneous content of the secretory granules in GH& cells cultured in different experimental conditions and in normal rat PRL cells. Second, a heterogeneous pattern of distribution of PRL and Sgs was observed within the matrix of secretory granules of GH& cells and normal PRL cells. Results obtained on normal PRL cells in the adult male rat pituitary point out the co-localization of both PRL and Sgs in all PRL cells and in most of the secretory granules within these cells. These observations are therefore different from those made on cow mammotrophs (13) and cow somatomammouophs (13,14) , in which packaging of CgslSgs occurred within a subpopulation of secretory granules completely devoid of PRL or GH. Further experiments performed on hormone-treated rats would permit determination of the precise importance of environmental conditions in such a discrepancy. Some secretory granules of the rat PRL cells contained only PRL, indicating that in these cells PRL may be segregated and aggregated without Sgs.
In GH3B6 cells cultured with E2, EGF, and insulin, the expression of PRL, Sg I, and Sg I1 was higher than in cells grown under routine conditions. This occurred simultaneously with a higher level of granulogenesis. This observation was in agreement with the previous works performed on GH4C1 cells under the same hormone treatment (19-21). In addition, in the present study, double immunogold labeling revealed that in all cells that contained secretory granules, both Sgs were co-localized with PRL in most of the secretory granules. In such hormone-treated cells, treatment of GH3B6 cells by the physiological secretagogue TRH induced first a stimulation of the exocytosis of preexisting secretory granules that contained PRL, Sg I, and SG 11. This first effect, concomitant with the early surge in PRL release, is in agreement with the recent work of Hinckle et al. (34) . who have shown that PRL and Sg I1 were secreted in parallel by GH4C1 cells after short-term treatment with secretagogues. TRH treatment of GH& cells induced after 2 hr a stimulation of the formation of new secretory granules, as previously described ( 3 5 ) . These newly formed secretory granules contained preferentially or exclusively immunoreactive PRL. This observation is in agreement with the recent report by Laverritre et al. (18) , who indicated that TRH inhibited the accumulation of Sg I mRNA, whereas it induced an increase in PRL. mRNA accumulation.
All of the observations made in the present study, in both normal PRL cells and GH3B6 cells, clearly indicate the possibility of different kinds of aggregates during the formation of secretory granules within the Golgi apparatus of these cells, which result from homophilic (PRL or Sgs) or heterophilic (PIU and Sgs) interactions. This suggests the capacity for self-aggregation of PRL. which enables it to condense in the Golgi apparatus without coincident aggregation of the granins. We can conclude, therefore, that even if the granins may in many cases play a role in sorting and packaging of rat PRL., this role may not be obligatory. Recent studies on the mechanism of aggregation of secretory products have indicated the importance of ionic and pH conditions in triggering the aggregation of granins ( 3 6 ) or PRL (21) . The fact that Sgs and hormones are not necessarily co-packaged within the same secretory granules has also been reported for other neuroendocrine cell models ( 3 7 ) .
An obvious heterogeneity in the respective distribution of PRL, Sg I, and Sg I1 has been revealed in the present work in the majority of secretory granules of GH3B6 cells and normal rat PRL cells.
When co-localized with PIU, Sg I is preferentially distributed at the periphery of the secretory granules, suggesting an interaction of Sg I with the inner face of the membrane. This preferential distribution pattern seems to be specific to Sg I, as it is less common with Sg 11. Such a differential distribution of granins and specific secretory peptides within the secretory granules has been reported for several neuroendocrine cells ( 3 7 ) , for Cg A (more peripheral localization) and insulin and glucagon (more central localization) in pancreatic islet cells ( 3 8 , 39) , and for Sg I (peripheral localization) and TSH and LH (central localization) in cow anterior pituitary thyrotrophs, gonadotrophs, and somatomammotrophs (14) . The functional significance of this differential distribution remains to be elucidated. Recently, Pimplku and Huttner (40) have reported that a small percentage of Sg I in PC12 cells is tightly associated with the secretory granule membrane, suggesting a possible role for this membrane-associated Sg I in the sorting of secretory material in the tranr-Golgi network ( E N ) during the formation of secretory granules. In our experiments performed on GH3B6 cells treated by TRH, with the post-embedding approach used here, we were not able to detect after stimulation of exocytosis a specific Sg I immunostaining of the exocytotic figures on the plasma membrane that could suggest a stable association of Sg 1 with the membrane. Further studies with other experimental approaches would be necessary to clarify this important point.
In conclusion, the present study has revealed in depth the distribution pattern of PRL and Sgs within the secretory granules of GH& cells and normal rat PRL cells and the possibility of the formation of different types of aggregates during the condensation of secretory material within the E N .
